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Introduction
The kinetochore is a multiprotein-DNA complex that is indispensable for chromosome segregation, and which normally forms on a single chromosomal locus, the centromere (Cleveland et al., 2003) . Lack of a kinetochore or formation of multiple kinetochores on a chromosome may have deleterious effects on mitosis (Karpen and Allshire, 1997; Amor and Choo, 2002; Henikoff and Dalal, 2005) . CENP-A represents the most likely candidate for the epigenetic 'mark' responsible for the maintenance of centromere identity (Black et al., 2004; . As reformation of CENP-A-containing nucleosomes after DNA synthesis is thought to be a prerequisite for mitotic kinetochore assembly, precise targeting of CENP-A into a single, restricted locus on each chromosome prior to cell division is essential for cell viability . At least three components that affect CENP-A localization, the Mis16-Mis18 complex (Hayashi et al., 2004; Fujita et al., 2007) , Mis6-Sim4 complex (Takahashi et al., 2000; Pidoux et al., 2003) , and Ams2 GATA-type transcription factor (Chen et al., 2003a) , have been identified in the fission yeast Schizosaccharomyces pombe, which is an ideal model organism in which to study complex centromere structure and function (Takahashi et al., 1992; Karpen and Allshire, 1997) .
Which phase of the cell cycle is utilized for CENP-A incorporation remains controversial. During S phase, canonical core histones have been suggested to be deposited into duplicated DNAs in a semi-conservative fashion (Tagami et al., 2004; Natsume et al., 2007) . Experiments using fluorescence recovery after photobleaching (FRAP) demonstrated that CENP-A of the budding yeast Saccharomyces cerevisiae is recruited to centromeres coincident with DNA synthesis (Pearson et al., 2004) , presumably reflecting disassembly and reassembly of centromeric nucleosomes at the replication fork. In contrast, studies performed in human cells (Shelby et al., 2000; Jansen et al., 2007) 
and in
Drosophila melanogaster (Ahmad and Henikoff, 2001; Sullivan and Karpen, 2001; Schuh et al., 2007) indicated that CENP-A is incorporated in a replication-independent manner, although the molecular components and physiological significance of this pathway remain elusive. Here, we report that Δams2 cells are defective in the retention of Cnp1, S. pombe CENP-A, at S phase, but are able to survive through Cnp1 incorporation using the replication-independent pathway at G2. Our observations indicated that the G2-deposition of Cnp1 is mechanically distinct from the S-deposition and could act as a salvage pathway that enables unincorporated Cnp1 to reassociate to the centromeres before cells go through subsequent lethal mitosis.
Materials and Methods

General techniques, strains, antibodies and plasmids
The techniques and media used for manipulation of fission yeast were described previously (Saitoh et al., 1997; Chen et al., 2003a) . The genotypes of strains and procedures used for gene disruption are described in Table S1 . Anti-Cnp1 polyclonal antibody was generated by immunizing rabbits with GST-tagged Cnp1. The minichromosome loss assay was performed as described previously (Takahashi et al., 1994) . To construct pRep41 based-plasmids carrying the N-terminally deleted derivative of the C-terminal tagged Cnp1-GFP gene, the ORF of the deleted derivatives of Cnp1 gene was amplified by PCR and inserted into the SalI-NotI cloning sites of pGP4110 in frame. pGP4110 (a derivative of pGP110 ) is a multicopy plasmid for the C-terminal GFP tagging under the control of the nmt41 promoter. PCR primer sequences used for the PCR amplification were as follows: Full length, 5'GTCGACATGGCAAAGAAATC3'/5'GCGGCCGCTAGCACCACGAATCC3', ; D5, 5'GTCGACATGGCTGAGCCTGG3'/5'GCGGCCGCTAGCACCACGAATCC3'; D10, 5'GTCGACATGGATCCTATTCCAC3'/5'GCGGCCGCTAGCACCACGAATCC3': D15, 5'GTCGACATGCCACGTAAAAAG3'/5'GCGGCCGCTAGCACCACGAATCC3': D20, 5'GTCGACATGTATCGTCCAGGTAC3'/5'GCGGCCGCTAGCACCACGAATCC3'. 
Construction of GFP-Cnp1 strains
To construct a pBluescript KS-based plasmid carrying the N-terminal tagged GFP-Cnp1 gene (PS1), HindIII-BamHI cloning sites were created behind the first plates in the presence of 1mg/ml 5-fluoroorotic acid, permitting identification of colonies where recombination between the GFP-Cnp1 gene and the disrupted Cnp1 gene at the authentic locus has led to loss of the Ura4 marker and return to uracil auxotrophy. All transformants were viable at 36°C. Replacement of the GFP-Cnp1 gene with the authentic gene in the transformants was confirmed by genomic Southern analysis. The transformants were then crossed with wild-type strain (SP171) to remove the cnp1-1 gene at the lys1 locus, and the resultant GFP-Cnp1 strain (SP1769) was used for the experiments shown in Figure 3 and 4.
To generate the lys1 + ::GFP-Cnp1 strain (SP1468), a 2.4kb KpnI-EcoRI fragment containing the GFP-Cnp1 gene was subcloned into the plasmid pTK2 designed for integration of the inserted DNAs into the lys1 + locus. A lys1 -strain (SP91) was transformed with the resultant integration plasmid (PS2) and plated on EMM2 lacking lysine to select the integrants. The additional integration of the GFP-Cnp1 gene at the lys1 + locus in the transformants was confirmed by genomic Southern analysis.
Microscopy
For DAPI staining in Figure 5 , cells were cultured in EMM2 containing the appropriate supplements with or without 2 μM thiamine at 33°C. Cells were 6 fixed in methanol at -80°C, washed with PBS, and mixed with 200 ng/ml DAPI.
Images were collected using VB-6000/6010 (Keyence, Osaka, Japan) with a 100x
1.45 numerical aperture alpha Plan-FLUAR objective (Carl Zeiss, Jena, Germany).
For Live cell analyses, cells were cultured in EMM2 containing the appropriate supplements and then embedded in 1.5% low melting point agarose in EMM2
with supplements on glass-bottomed dishes. Images of living cells were obtained (III, S/early G2), 7.1-10.5 μm (IV, mid G2) or >10.5 μm (V, late G2) in length. As the average septated cell length of Δhip1 was 36% longer than that of wild-type controls, we used the following values as the criteria of G2 classification for Δhip1: stage III-V, single nuclear cells <9.6 μm (III), 9.6-14.3 μm (IV) or >14.3 μm (V) in length.
Chromatin immunoprecipitation (ChIP)
For the experiments shown in Figure 1C , (Saitoh et al., 1997) and act1 probes (background 8 controls) were less than 3.6 and 0.2% of those for the cnt2 probe, respectively. PCR primer sequences were as follows:
Results
Cell cycle-dependent centromeric localization of Cnp1 in Δams2
Ams2 was originally identified as one of the multicopy suppressors in Cnp1 ts mutation (cnp1-1) and was shown to be required for the localization of Cnp1 at centromeres (Chen et al., 2003a) . Recently, we demonstrated that Ams2 promotes S phase-specific activation of core histone genes (Takayama and Takahashi, 2007) .
Periodic histone transcription may be important for appropriate Cnp1 incorporation. Surprisingly, Ams2 was shown to be dispensable for cell viability, although its depletion causes severe mislocalization of Cnp1. To clarify the behavior of Cnp1, we performed live cell analyses using wild-type or Δams2
carrying the C-terminal GFP-tagged Cnp1 gene driven by the native promoter ( Figure 1A and B, Supplemental material Figure S1 , Videos 1-4). In Δams2, we found that Cnp1-GFP is located on centromeres in a cell cycle-dependent fashion.
Cnp1-GFP began to accumulate onto centromeres from the latter half of G2, and signal intensities peaked around late G2 and M phases. The GFP signals then disappeared after cell division. Under these conditions, S phase occurs during septum formation and cell division in both wild-type (Rustici et al., 2004) and Δams2 cells (Supplemental material Figure S2 ). Thus, Ams2 is required for appropriate centromeric localization of Cnp1-GFP from late S phase to mid G2 phase. Figure 1B shows the data quantifying the changes in fluorescence intensity of Cnp1-GFP throughout the cell cycle in the mixture of wild-type and Δams2 in the same frame. In the image of both of the wild-type and the Δams2 cell, the centromere fluorescence of Cnp1 signals appeared to rapidly drop as chromosomes segregate ( Figure 1B and Supplemental material Figure S1 , asterisks) but seemed to increase in fluorescence shortly thereafter. We found that the intensities decreased raughly half at the onset of M phase, which may reflect the instability of Cnp1 at (Mellone and Allshire, 2003) and/or declustering of the mitotic centromeres (Nabeshima et al., 1998) . We also found that, in the Δams2 cell, a short uptake of Cnp1 incoporation occurred at G1/S phase ( Figure 1B and Supplemental material Figure S1B , arrows). Because Cnp1 is transcribed at G1/S phase prior to core histone transcription (Takahashi et al., 2000) in the Ams2-independent manner (Takayama and Takahashi, 2007) , the uptake may correspond to G1/S deposition of Cnp1. Full boost of Cnp1 may require the following Ams2-dependent activation of the core histone expression (Takayama and Takahashi, 2007) . The signal intensity reached to the maximum from mid G2
to late G2 phase in wild-type cell, whereas it reached just before M phase in Δams2 cells.
We performed chromatin immunoprecipitation (ChIP) analysis to confirm that the dynamics of GFP actually reflect the association of Cnp1-GFP with the DNA of the centromere ( Figure 1C ). The amount of centromere-bound Cnp1-GFP at late G2 in the Δams2 background was almost equivalent to that in wild-type controls, whereas those at G1, early S and early G2 phases were reduced to 49, 27 and 5%, respectively. In the Δams2 background, Cnp1-GFP was associated correctly with the central centromere region (cnt). These observations indicate that, in Δams2, the centromeric Cnp1-GFP is diminished during S phase, and then disappears. Inhibition of DNA synthesis by addition of hydroxyurea (HU) blocked the disappearance of Cnp1-GFP signals in Δams2 (Supplemental material Figure S3 ), indicating that the dissociation of Cnp1-GFP in Δams2 requires completion of DNA replication. By ChIP analysis using anti-Cnp1 polyclonal antibody, we next examined the cell cycle change in the centromeric association of non-tagged Cnp1 that is expressed from the authentic locus. The total amount of centromere-bound Cnp1 in Δams2 relative to that in wild-type controls was reduced to 49% in early S and 46% in early G2 phase, while there were smaller changes in late G2 (71%) and G1 (80%) phases ( Figure 1C ).
Therefore, Ams2 is required to prevent the reduction of Cnp1 from S phase to early G2 phase. Considering the inconsistency with the drastic change of the centromeric Cnp1-GFP, C-terminal GFP-tagging may reduce the affinity of Cnp1 with the centromeric DNA to some extent, and thus may somewhat exaggerate the impacts on Cnp1 localization by deleting Ams2.
Two distinct phases of Cnp1-GFP incorporation during the cell cycle: S and late
G2
The dynamic behavior of Cnp1-GFP in Δams2 cells highlights substantial Ams2-independent Cnp1 localization activity during the later half of G2 ( Figure   1 and Supplemental material Figure S1B ). There are likely to be at least two distinct cell cycle phases in which centromeric Cnp1 localization in fission yeast.
To confirm that Cnp1 incorporation during G2 phase actually occurs in the presence of Ams2, we performed Cnp1 reloading assay using C-terminal GFP-tagged Cnp1 ts protein (Chen et al., 2003a (Black et al., 2004; Black et al., 2007) , showed a temperature-dependent localization defect (Chen et al., 2003a) . To examine the timing of Cnp1-GFP incorporation, we followed Cnp1 In contrast, in Δams2, reloading of Cnp1 ts -GFP around S phase was reduced to 17.7% (31 of 175 cells examined; Figure 2C , lower: stages II-III), whereas that during late G2 increased to 82.3% (stage V). In most cases in Δams2, Cnp1 ts -GFP appeared as dispersed singals in the nucleus but failed to accumulate into centromeres at S phase, which was then reloaded at late G2 (Video 7). Thus, Ams2 is critical for S phase-dependent but not -independent deposition of Cnp1-GFP onto centromeres. As shown in Figure 1C , the amount of authentic Cnp1 on centromeres in Δams2 cells was reduced to approximately half of that in wild-type cells at S and early G2. This reduction may be a consequence of the failure in the centromere loading of newly synthesized Cnp1 proteins in Δams2 cells in which pre-existing Cnp1 is retained on centromeres.
Hip1-dependent repression of Cnp1 deposition during G2 phase
The above observation raises questions regarding the components of the G2-deposition pathway. We examined whether the fission yeast homolog of HIRA, Hip1 (Blackwell et al., 2004) , is involved in Cnp1 deposition outside S phase; Xenopus HIRA is critical for the nucleosome assembly pathway independent of DNA synthesis (Ray-Gallet et al., 2002) , and human HIRA was identified as a chaperone for H3.3-nucleosome (Tagami et al., 2004) , which is deposited in a replication-independent manner (Ahmad and Henikoff, 2002) . We generated a Hip1-null strain, which was viable as reported previously (Blackwell et al., 2004) . Although the doubling time of Δhip1 cells (4.4 hr) was 1.5 times longer than that of wild-type cells (3.0 hr) in YES at 26°C, the cell cycle progression of Δhip1 cells seems comparable with that of wild-type using the five morphological categories; judging from the timing of the appearance of Mrc1 protein, the S phase in Δhip1 cells appeared to occur during the septum formation as same as in wild-type and Δams2 (data not shown). This shows that the G2 phase starts with the normal timing in Δhip1 cells and the cell length distribution and the septum formation can be used as good hallmarks for the cell cycle progression in the absence of Hip1. Native promoter-driven Cnp1-GFP protein was localized at centromeres throughout the cell cycle in the Δhip1 background (data not shown). However, we found that Cnp1 ts reloading occurred throughout G2 in cells lacking Hip1 ( Figure 2C ). In addition to Cnp1 
N-terminal GFP-tagged Cnp1 is functional in wild-type but not in Δams2
As replacement of the authentic Cnp1 gene with the C-terminal tagged Cnp1-GFP gene causes cell growth retardation (data not shown), we generated wild-type cells expressing N-terminal tagged GFP-Cnp1 at the authentic locus and tested that it is fully functional. This GFP-Cnp1 integrant grew normally at any temperatures tested and its cell viability was comparable with that of However, the centromeric localization activity of GFP-Cnp1 was clearly defective ( Figure 4A ). Therefore, the growth arrest observed in Δams2 spores expressing GFP-Cnp1 is not due to a dominant negative effect of GFP-Cnp1 on Ams2-deletion but is presumably due to the failure of GFP-Cnp1 retention at centromeres in Δams2 cells. One interesting possibility suggested by the results shown in Figure 3 and Figure 4A is that the N-terminal tagging specifically inhibits G2-deposition but not S-deposition of Cnp1. To test this possibility, we next attempted to generate wild-type and Δams2 cells expressing N-terminal tagged GFP-Cnp1 ts protein expressed from the lys1 locus for reloading assay.
However, as the centromeric localization activity of GFP-Cnp1 ts protein co-expressed with authentic Cnp1 was too low for quantitative analysis in the reloading assay, even in the wild-type background (data not shown), it was not possible to examine the above possibility in this study.
As another approach to clarify the importance of the N-terminal tail for the Ams2-independent centromeric retention of Cnp1, we examined the subcellular localization of the N-terminally deleted derivatives of Cnp1-GFP ( Figure 4B ). Overexpressed full-length Cnp1-GFP and D5 derivative accumulated on the centromeres in both wild-type and Δams2 cells, while D15 derivative exhibited the nuclear localization. Because D20 derivative lost the nuclear localization activity, the five amino acids sequences (PRKKR) may contain the nuclear localization signal (NLS), in which the basic cluster RKKR is an apparent candidate matching to the consensus sequence of NLS (Jans et al., 2000) . Interestingly, while D10 derivatives were imported into the nucleus both in wild-type cells and Δams2 cells, they were located on the centromeres in wild-type cells but not well in Δams2 cells, indicative of the function of the N-terminal tail of Cnp1 for Ams2-independent centromeric localization.
G2-deposition pathway ensures stable chromosome transmission in cell division when S-deposition is impaired
The above results indicated that wild-type cells exhibit biphasic incorporation of histone variant Cnp1 during the cell cycle, which could be regulated differently.
The next question is why S. pombe cell has evolved two distinct deposition pathways. Δams2 cells are viable, although Cnp1 could not retain efficiently at the centromere during S phase. Therefore, the subsequent incorporation during G2 phase could function as another opportunity for replenishing the duplicated centromere DNA with newly synthesized Cnp1 before cell division. If this hypothesis is correct, shortening of G2 phase by introduction of wee1 mutation (Hayles and Nurse, 1992) should reduce cell viability in the absence of Ams2. To test this possibility, we generated wee1-50 cells carrying the ams2 + gene under the control of a repressible promoter. When Ams2 was expressed, the cells showed the wee phenotype, but grew normally with equal chromosome segregation in M phase ( Figure 5A, ams2-ON) . On the other hand, the cells exhibited a high frequency of unequal chromosome segregation with the wee phenotype ( Figure   5A , ams2-OFF) and did not survive when Ams2 was repressed ( Figure 5B ). The centromeric localization of Cnp1-GFP was markedly reduced in ams2-deficient wee1-50 mutant in comparison with wee1-50, ams2-deficient or wild-type controls ( Figure 5C ). In contrast, Δams2 cdc25-22 double mutant with prolonged G2 phase (Hayles and Nurse, 1992) showed much better growth than the single Δams2 mutant ( Figure 5D ). These observations indicated that the viability of Ams2-deficient cells is influenced by the length of the G2 phase. Therefore, when S-deposition is impaired, G2 phase could function as the recovery period for Cnp1 deposition, and this safety mechanism based on the biphasic incorporation could ensure high fidelity of chromosome transmission in mitosis.
Discussion (1,615 words)
Relationship between Cnp1 deposition and histone expression
There is a great deal of evidence that perturbation of histone transcription impairs centromere functions, resulting in chromosome missegregation (Meeks-Wagner and Hartwell, 1986; Holmes and Mitchell Smith, 2001; Maruyama et al., 2007) . The results of the present study indicated that Ams2 GATA factor prompting core histone genes activation at S phase (Takayama and Takahashi, 2007) for H4 binding, is toxic to Δams2 cell growth (Chen et al., 2003a; Takahashi et al., 2005) . These observations indicated that appropriate regulation of histone transcription at S phase, especially up-regulation of H4 transcription, is required for efficient incorporation of Cnp1 onto centromeres. As the supply of histone H4
in Δams2 cell does not fully suppress the defect of Cnp1-GFP localization , in addition to up-regulation of histone transcription, Ams2 may have other roles in stabilizing the centromeric retention of Cnp1. For example, binding of Ams2 to the centromere may remodel the centromeric nucleosomes, which is a prerequisite for suitable incorporation of Cnp1 (Chen et al., 2003b) , and/or other as yet unidentified transcriptional targets of Ams2 may be important for the formation/retention of Cnp1-containing nucleosomes at S phase.
Because the intracellular levels of histone proteins are not markedly affected in Δams2 (Takayama and Takahashi, 2007) , significant reduction of histone gene transcription at S phase may alter the relative ratio of free histones carrying the modification pattern suitable for Cnp1 formation/retention at S phase (Hayashi et al., 2004; Fujita et al., 2007) . Recently, we showed that the level of S. pombe histone mRNAs is likely to be controlled as a combination of Ams2-dependent transcriptional activation at S phase and Ams2-independent constitutive transcription throughout the cell cycle (Takayama and Takahashi, 2007) . Intriguingly, this basal histone transcription is normally down-regulated by Hip1 (Blackwell et al., 2004; Takayama and Takahashi, 2007) , which we showed silences the G2-depostion pathway for Cnp1 in this study. As the net retention of Cnp1 at the centromere would be regulated by a dynamic equilibrium between incorporation and releasing of Cnp1, it is possible that Ams2 and Hip1 are playing roles in the equilibrium but not as loading factors per se.
Dynamics of Cnp1 retention at the centromere
The incorporation of newly synthesized and/or misloaded CENP-A onto the centromere and releasing of pre-existing CENP-A would affect the centromeric localization. Therefore, the steady state distribution of Cnp1 we observed in this study should be dissected into incorporation processes (formation/stabilization Cnp1 deposition itself, but may prevent formation/stabilization of the functional centromeric nucleosomes after G2-deposition. It is also formally possible that C-terminal GFP tagging specifically inhibits Cnp1 deposition from late M to G1 phase, at which stage newly synthesized GFP-CENP-A has been shown to be loaded in human cells . Our results suggest that GFP tagging may mask some of the functional CENP-A incorporation/releasing pathways even though the GFP-tagged protein can be replaced successfully with the authentic gene product in the wild-type background.
In addition to G2-deposition, the quantification of the centromeric Cnp1-GFP in Δams2 cells revealed that a short uptake of Cnp1 deposition in G1
and/or early S phase exists ( Figure 1B and Supplemental material Figure S1B , arrows). This may correspond to G1-deposition of CENP-A documented in human tissue culture cells . Although we could not detect G1/early S-deposition of Cnp1 ts protein in our reloading assay (Figure 2 ), the behavior of the Cnp1 ts -GFP carrying a specific mutation (L87Q) might not be accurately reflecting that of endogenous wild-type Cnp1. Because Cnp1 signals in Δams2 cells seemed to disappear shortly after the incorporation in G1/S phase, there may be the active destabilization of Cnp1 in S phase; in the budding yeast, the degradation of Cse4 protein was shown to be an important determinant for the centromeric localization (Collins et al., 2004) .
The evolutional conservation of CENP-A dynamics
The cell cycle timing of CENP-A loading appears not to be conserved evolutionarily. To date, the following have been proposed: G1- or G2-deposition (Shelby et al., 2000) in human cells, G2-deposition (Ahmad and Henikoff, 2001; Sullivan and Karpen, 2001) in Drosophila cells in culture, anaphase-deposition in Drosophila syncytial nuclear division (Schuh et al., 2007) , and S-deposition in budding yeast (Pearson et al., 2004) and the primitive red alga (Maruyama et al., 2007) . Pioneering work using human cells (Shelby et al., 2000) indicated that the incorporation of CENP-A occurs primarily during G2
phase. However, recent pulse-chase experiments of CENP-A protein using SNAP tag technology clearly demonstrated that, in human cells, loading of newly synthesized CENP-A occurs in a discrete cell cycle window in early G1 . hMis18α, hMis18β and M18BP1/hsKNL2 proteins, essential components of CENP-A loading pathways, display a pattern of centromeric localization coincident with CENP-A assembly in G1 (Fujita et al., 2007; Maddox et al., 2007) . It is noteworthy that the pattern of fission yeast Mis18-GFP was reported to be diffused just before mitosis and restored as the centromere-like dots in late anaphase (Fujita et al., 2007) , indicating that the fission yeast Mis18 is located at centromeres throughout most of the cell cycle, including telophase, G1, S and almost all G2 phase. This differs from the localization pattern of human Mis18 proteins, which are associated with centromeres for only a short period in the cell cycle coincident with the timing of CENP-A deposition . The prolonged centromeric localization of the Mis18-complex in fission yeast may enable Cnp1 to be loaded to centromeres throughout most of the cell cycle.
The stable maintenance of pre-existing CENP-A after passage of S phase in human cells and in Drosophila cells (Sullivan and Karpen, 2001 ) are also in sharp contrast with the behavior of Cse4, the budding yeast CENP-A (Pearson et al., 2004) ; the properties of the centromeric localization of Cse4 are rather dynamic, with most pre-existing Cse4 at centromeres replaced with non-centromeric Cse4 during S phase (Bloom, 2007) . In the early Drosophila blastoderm embryo, in less than 2 min after photobleaching, more than 100% of the initial fluorescent intensity of GFP-tagged CID, the Drosophila homolog of CENP-A, was shown to be recovered into centromeres in anaphase (Schuh et al., 2007) . The observation suggests the dynamic behavior of centromeric histone in some situations; a complete exchange of pre-existing CID takes place in a very short period during anaphase. Even in the same species, CENP-A may behave differently according to developmental stages or specific environmental conditions.
Physiological significance of biphasic incorporation of Cnp1
As the wee1 mutant with a shortened G2 phase showed no apparent defects in Cnp1 localization ( Figure 5C ), S-deposition appears to be the primary pathway for loading in S. pombe, and G2-deposition has likely evolved as a secondary pathway to increase fidelity in this organism. Interestingly, GFP-tagging or a partial deletion of the N-terminal tail prevented the centromeric association of in the G2-loading pathway as well as the S-phase one . We speculate that both Mis6-and Mis18-complexes are involved in two loading pathways, because Cnp1-signals completely disappear in the mutants (Takahashi et al., 2000; Hayashi et al., 2004; Fujita et al., 2007) .
This is the first in vivo report that the replication-uncoupled deposition of Cnp1 occurs under physiological conditions in fission yeast, along with a 25 description of its functional significance in chromosome segregation. Although the existence of multiple CENP-A loading pathways was shown to be unlikely in transformed human cell lines , further studies are required to determine whether the salvage pathway(s) exists in non-transformed normal cells in higher eukaryotes. The G2-deposition pathway of CENP-A may provide an evolutionarily conserved safeguard for the maintenance of genome integrity, and may assist in preventing aneuploid formation during the cell cycle in non-transformed normal cells.
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Online supplemental material Table S1 lists the genotypes of fission yeast strains used in this study. Figure S1 shows the data quantifying the changes in fluorescence intensity of Cnp1-GFP throughout the cell cycle in wild-type (A) and Δams2 (B). Figure S2 shows that Cnp1 disappeared from the centromeres in Δams2 concomitantly with the S phase-specific protein marker Mrc1. Figure S3 shows that the dissociation of 
